Context. The low obscuration and proximity of the Carina nebula make it an ideal place to study the ongoing star formation process and impact of massive stars on low-mass stars in their surroundings. Aims. To investigate this process, we generated a new catalog of the pre-main-sequence (PMS) stars in the Carina west (CrW) region and studied their nature and spatial distribution. We also determined various parameters (reddening, reddening law, age, mass), which are used further to estimate the initial mass function (IMF) and K-band luminosity function (KLF) for the region under study. Methods. We obtained deep U BVRI Hα photometric data of the field situated to the west of the main Carina nebula and centered on WR 22. Medium-resolution optical spectroscopy of a subsample of X-ray selected objects along with archival data sets from Chandra, XMM − Newton and 2MASS surveys were used for the present study. Different sets of color-color and color-magnitude diagrams are used to determine reddening for the region and to identify young stellar objects (YSOs) and estimate their age and mass. Results. Our spectroscopic results indicate that the majority of the X-ray sources are late spectral type stars. The region shows a large amount of differential reddening with minimum and maximum values of E(B − V) as 0.25 and 1.1 mag, respectively. Our analysis reveals that the total-to-selective absorption ratio R V is ∼3.7 ± 0.1, suggesting an abnormal grain size in the observed region. We identified 467 YSOs and studied their characteristics. The ages and masses of the 241 optically identified YSOs range from ∼0.1 to 10 Myr and ∼0.3 to 4.8 M ⊙ , respectively. However, the majority of them are younger than 1 Myr and have masses below 2 M ⊙ . The high mass star WR 22 does not seem to have contributed to the formation of YSOs in the CrW region. The initial mass function slope, Γ, in this region is found to be −1.13 ± 0.20 in the mass range of 0.5 < M/M ⊙ < 4.8. The K-band luminosity function slope (α) is also estimated as 0.31 ± 0.01. We also performed minimum spanning tree analysis of the YSOs in this region, which reveals that there are at least ten YSO cores associated with the molecular cloud, and that leads to an average core radius of 0.43 pc and a median branch length of 0.28 pc.
Introduction
Massive stars (M > 8−10 M ⊙ ) in star-forming regions significantly influence their surroundings. In the course of their life, the feedback provided by their energetic ionization radiation and powerful stellar winds regulate the formation of low-and intermediate-mass stars (Garay & Lizano 1999; Zinnecker & Yorke 2007) . After a short life time ( 10 7 years), they explode as supernovae or hypernovae (supernovae with substantially higher energy than standard supernovae) enriching the interstellar medium with the products of the various nucleosynthesis processes that have occurred during their lifetime (see Arnett 1995 Arnett , 1996 Woosley & Weaver 1995; Nomoto et al. 2003 , and references therein). The shock waves produced in these events may trigger new star formation (e.g. Elmegreen 1998) . Characterizing the young stellar objects (YSOs) in massive star-forming regions is therefore of utmost importance to ⋆ Table 3 is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) The Carina nebula (NGC 3372) region, which hosts several young star clusters made of very massive stars along with YSOs, provides an ideal laboratory for studying the ongoing star formation (see Smith & Brooks 2008) . The CO survey of this region demonstrates that the Carina nebula is on the edge of a giant molecular cloud extending over ∼130 pc and has a mass in excess of 5 × 10 5 M ⊙ (see Grabelsky et al. 1988 ). It contains ∼200 OB stars (Smith 2006a; Povich et al. 2011 ), more than ∼60 massive O stars (see Feinstein 1995; Smith 2006a ), and three WN(H) 1 stars (i.e. WR 22, 24, and 25; Smith 2006a; Smith & Brooks 2008) .
Initially, on the basis of infrared (IR) and molecular studies of the central Carina region, several authors (see Harvey et al. 1979; Ghosh et al. 1988; de Graauw et al. 1981; Cox 1995) have reported that the Carina nebula is an evolved Hii region and that there is a paucity of active star formation. However, following the detection of several embedded IR • × 2.7 • ) area containing the Carina Nebula and centered at α(J2000) = 10 h 41 m 17. s 5 and δ(J2000) = −59
• 40 ′ 36. ′′ 9. This RGB image was made using the WISE 4.6 µm (red), 2MASS K s band (green), and DSS R band (blue) images. Approximate locations of different star clusters (Tr 14, 15, 16; Bo 9, 10; Cr 228, 232, and NGC 3324) are denoted by white boxes. η Carinae is marked by an arrow and in the lower left part of the image, south pillars (Smith et al. 2000) are shown. The region covered in the present study is shown by the green box. Part of the selected field region can be seen in the extreme western part of the image. North is up and east is to the left. sources, Smith et al. (2000) showed that star formation is still going on in this region. Later, Brooks et al. (2001) also identified two compact Hii regions possibly linked with very young O-type stars. Rathborne et al. (2002) traced the photodissociation regions (PDRs) that are expected to be present in the massive star-forming regions. They conclude that the star formation within the Carina region has certainly not been completely halted despite prevailing unfavorable conditions imposed by the very hot massive stars (see for more details Claeskens et al. 2011) . Detection of proplyds-like objects in these regions (see Dufour et al. 1998; Smith et al. 2003) proves the ongoing active low-and intermediate-mass star formation. Very recently, an isolated neutron star candidate discovered in the neighborhood of η Carinae suggests there are at least two episodes of massive star formation (Hamaguchi et al. 2007; Pires et al. 2009 ). Figure 1 shows a three-color composite image, using the WISE 4.6 µm, 2MASS K s band and DSS R band images, of the large region of the Carina nebula. The prominent V-shaped lane is associated with the nebular complex and consists of dust and molecular gas (Dickel 1974) . Trumpler (Tr) 16 is located near the central portion of this lane and thought to be ∼3 Myr old. This cluster also hosts one of the most massive stars in our galaxy, η Carinae (indicated by an arrow in the image), which has an estimated initial mass 150 M ⊙ (Hillier et al. 2001 ). Tr 14 is younger with an age of < 2 Myr (Carraro et al. 2004; Smith & Brooks 2008) . In between Tr 14 and Tr 16, there is another cluster named Collinder (Cr) 232. The cluster Cr 228 near Tr 16 is very young and probably located in front of the Carina nebula complex . Finally NGC 3324 (upper part in the image) is believed to be located inside the Carina spiral arm and embedded in a filamentary elliptical shaped nebulosity (see .
Since the Carina nebula is a typical star-forming region, feedback from the young and massive stars has cleared out the nebulosity in the central region and a large number of elongated structures, so-called Pillars (Smith et al. 2000 , shown in the lower left part of the image) have formed in the outer regions. We can see many of them in the southern part of the image. We also observe large bubbles in the northern region, probably caused by the gusts of hot gas leaking from the powerful stars at the center of the nebula (Smith et al. 2000) . The central clusters Tr 14 and Tr 16 tend to be devoid of star formation (Smith & Brooks 2008) , but there are active sites of ongoing star formation in the outer regions of the nebula. In the present study, our aim is to understand the star formation in one of the peripheral regions of the Carina nebula, influenced by the presence of hot massive stars.
Because of its relatively low obscuration and proximity and its rich stellar content, this nebula is one of the most extensively explored nearby objects (Smith & Brooks 2008) . Several wide-field surveys of the Carina Nebula complex (CNC) have recently been carried out at different wavelengths. The combination of a large Chandra X-ray survey (see Townsley et al. 2011 ) with a deep near-infrared (NIR) survey (Preibisch et al. 2011c,d) , Spitzer mid-infrared (MIR) observations (Smith et al. 2010; Povich et al. 2011) , and Herschel far-infrared (FIR) observations Roccatagliata et al. 2013 ) provides comprehensive information about the young stellar populations. In this paper, we discuss our new optical photometry, along with some low resolution spectroscopy, archival NIR (2MASS), and X-ray (Chandra, XMM-Newton) data of a field located west of η Carinae (hereafter CrW) and centered on the WN7ha + O binary system WR 22 (HD 92740; Conti et al. 1979; Niemela 1979; van der Hucht et al. 1981; Gosset et al. 1991; Hamann et al. 1991; Crowther et al. 1995; Rauw et al. 1996; Gosset et al. 2009 ) positioned just outside the V-shaped dark lane.
Observations and data analysis

Optical photometry
A set of U BVRI and Hα observations of CrW (α(J2000) = 10 h 41 m 17. s 5 and δ(J2000) = −59
• 40 ′ 36. ′′ 9) were obtained with the Wide Field Imager (WFI) instrument at the ESO/MPG 2.2 m telescope at La Silla in March 2004 (service mode, 72.D-0093 PI: E. Gosset). The WFI instrument has a field of view of about 34 ′ × 33 ′ , covered by a mosaic of eight CCD chips with a pixel size of 0.238 arcsec. The observations typically consisted of three dithered frames with a short exposure time (about 50s in U, 10s in BVRI, and 100s in Hα) and three dithered frames with about 18 times longer exposures to allow measurements of both bright and faint objects. Additional frames of a field located closer to the main Carina region were also acquired in order to connect our photometric system to those of previous works.
The data were bias-subtracted, flat-fielded and corrected for cosmic-rays using the standard tasks available in IRAF.
2
The photometry in the natural system was obtained with the DAOPHOT 3 (Stetson 1987 (Stetson , 1992 software. We also performed aperture photometry of Stetson's and Landolt's standard fields and of the additional frames. All of them, along with ESO recommendations, were used to determine the color transformation coefficients. The zero points were fixed via comparison with data published by Massey & Johnson (1993) , Vazquez et al. (1996) , DeGioia-Eastwood et al. (2001) and mainly with the unpublished catalog of Tapia et al. (2003) .
The following equations were adopted, together with appropriate zero points:
The color transformation coefficients and the zero points obtained above were then used further to calibrate the aperture photometry of 50 well-isolated bright sources in the CrW region. The astrometry was established by matching the instrumental coordinates with the 2MASS point source catalog. The rms of the astrometric calibration is 0.15 ′′ in RA and 0.19 ′′ in Dec. To avoid source confusion due to crowding, PSF (point spread function) photometry was collected for all the sources in the CrW region. PSF photometric magnitudes were generated by the ALLSTAR task inside the DAOPHOT package. The calibrated aperture magnitudes of the same 50 stars were then used to calibrate the magnitudes of all the stars in the CrW region obtained from the PSF photometry.
These final PSF calibrated magnitudes were used in further analysis. The typical DAOPHOT errors are found to increase with the magnitude and become large (≥ 0.1 mag) for stars fainter than V ≥ 22 mag. The measurements beyond this magnitude were not considered in our analysis. In addition, for the present study, we used only the 32 ′ ×31 ′ inner area of the mosaic.
Completeness of the data
There could be various reasons (e.g., crowding of the stars) that the completeness of the data sample may be affected. Establishing the completeness is very important to study the luminosity function (LF)/mass function (MF). The IRAF routine ADDSTAR of DAOPHOT II was used to determine the completeness factor (CF). Briefly, in this method, artificial stars of known magnitudes and positions from the original frames are randomly added, and then artificially generated frames are reduced again by the same procedure as used in the original reduction. The ratio of the number of stars recovered to those added in each magnitude gives the CF as a function of magnitude. In Fig. 2 , we show the CF as a function of the V magnitude. As expected, the 2 IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy, Inc. under cooperative agreement with the National Science Foundation.
3 DAOPHOT stands for Dominion Astrophysical Observatory Photometry. CF decreases as magnitude increases. Our photometry is more than 90% complete up to V = 21.5 and I = 22 magnitude. For the distance of 2.9 kpc (cf. Sect. 3.3), this will limit our study to pre-main-sequence (PMS) stars more massive than 0.5 M ⊙ .
Spectroscopy
For a set of 15 X-ray sources 4 identified using XMM-Newton observations in the CrW field (see Claeskens et al. 2011) , we obtained their optical spectra between 4 and 6 March 2003 us-ing the EMMI instrument mounted on the ESO 3.5 m New Technology Telescope (NTT) at La Silla (PI: E. Gosset). This instrument was used in the Red Imaging and Low Dispersion Spectroscopy (RILD) mode with grism #5 (wavelength range 4000 -8700 Å). One spectrum was obtained with the VLT + FORS1 (see Claeskens et al. 2011) . The data were reduced in the standard way using the long context of the ESO-MIDAS (European Southern Observatory Munich Image Data Analysis System) package 5 . Since the observing conditions were favorable during our run, target spectra were calibrated using the flux spectrum of the standard star LTT 2415 (Hamuy et al. 1992 ).
Archival data: 2MASS
We used the 2MASS Point Source Catalog (PSC) (Cutri et al. 2003) for NIR (JHK s ) photometry of point sources in the CrW region. This catalog is said to be 99% complete up to the limiting magnitudes of 15.8, 15.1 and 14.3 in the J (1.24µm), H (1.66µm), and K s (2.16µm) bands, respectively 6 . We selected only those sources that have NIR photometric accuracy < 0.2 mag and detection in at least the K s and H bands. Since the seeing (∼FWHM of the stars intensity profile) for the WFI observations was around 1 arcsec, the optical counterparts of the 2MASS sources were searched using a matching radius of 1 arcsec.
Basic parameters
Reddening
The (U − B)/(B − V) two-color diagram (TCD) was used to estimate the extinction toward the CrW region. In Fig. 3 , we show the TCD with the zero-age-main-sequence (ZAMS) from Schmidt-Kaler (1982) shifted along the reddening vector with a slope of E(U − B)/E(B − V) = 0.72 to match the observations. This shift will give the extinction directly toward the observed CrW region. The distribution of stars shows a wide spread in the diagram along the reddening line indicating the clumpy nature of the molecular cloud associated with this star-forming region. If we look at the MIR image of CrW (for detail see Sect. 5 and Fig. 16 ), we see the dark dust lane along with several enhancements of nebular materials at many places that are likely to be responsible for this spread in reddening. Figure 3 yields a minimum reddening value E(B − V) of 0.25 with a wide spread leading to values up to 1.1 mag. Recent works (see Table 1 ) also indicate a spread in the value of E(B − V) (∼0.3 − 0.8 mag) toward the η Carinae region. Smith & Brooks (2008) suggest that a detailed optical study of the Carina nebula can easily be done since our sight line toward this nebula suffers little extinction and reddening compared to most of the massive star-forming regions. This seems true for the line of sight up to the first stars belonging to the complex, but it could perhaps not remain applicable to objects farther away and embedded inside the molecular cloud.
Reddening law
To study the nature of the gas and dust in young star-forming regions, it is very important to know the properties of the interstellar extinction and the ratio of total-to-selective extinction, i.e., R V = A V /E(B − V). The normal reddening law for the solar neighborhood has been estimated to be R V = 3.1 ± 0.2 (cf. Guetter & Vrba 1989; Whittet 2003; Lim et al. 2011 ) but in the case of the η Carinae region, there are several studies that claim that R V is anomalously high (see Feinstein et al. 1973; Herbst 1976; Forte 1978; Thé et al. 1980; Smith 1987 Smith , 2002 Tapia et al. 1988; Vazquez et al. 1996) . Recently, using 141 early type members in this region, Hur et al. (2012) derived an abnormal totalto-selective extinction ratio R V = 4.4 ± 0.04.
We used the TCDs as described by Pandey et al. (2003) to study the nature of the extinction law in the CrW region. The TCDs of the form of (V −λ) versus (B−V), where λ indicates one of the wavelengths of the broad-band filters (R, I, J, H, K, L) , provide an effective method for distinguishing the influence of the normal extinction produced by the diffuse interstellar medium from that of the abnormal extinction arising within regions having a peculiar distribution of dust sizes (cf. Chini & Wargau 1990; Pandey et al. 2000) .
We clearly see in Fig. 4 that there are two types of distribution having different slopes. We selected all the stars belonging to these two populations and plotted their ( Fig. 4 . The respective slopes relating these colors were found, for the red-dot stars, to be 1.07±0.02, 1.86±0.02, 2.33±0.03, and 2.50±0.03, which are approximately equivalent to the normal galactic values, i.e., 1.10, 1.96, 2.42, and 2.60, respectively. The objects with black crosses display steeper slopes, i.e., 1.28 ± 0.01, 2.34 ± 0.03, 2.84 ± 0.03 and 3.03 ± 0.03
, respectively. If we plot the spatial distribution of the red dots and black crosses, we clearly see that all the red dots are uniformly distributed, whereas all the black crosses are distributed away from the obscured region of the molecular cloud. It means that the black crosses are most probably background stars, and their light is seen through the molecular cloud (see Preibisch et al. 2011a; Roccatagliata et al. 2013 , and references therein). Therefore, the ratios [
for the stars in the background yield a high value for R V (∼3.7 ± 0.1), indicating an abnormal grain size in the observed region. Many investigators (see column 3 of Table 1 ) have also found evidence of larger dust grains in the Carina region. Marraco et al. (1993) have found that the value of λ max (the wavelength at which maximum polarization occurred, which is also an indicator of the mean dust grain size distribution) is higher than the canonical value for the general diffuse ISM. Several studies have already pointed toward an anomalous reddening law with a high R V value in the vicinity of starforming regions (see, e.g., Pandey et al. 2003) . However, for the Galactic diffuse interstellar medium, a normal value of R V = 3.1 is well accepted. The higher-than-normal value of R V has usually been attributed to the presence of larger dust grains. There is evidence that, within the dark clouds, accretion of ice mantles on grains and coagulation due to colliding grains change the size distribution towards larger particles. On the other hand, in star-forming regions, radiation from massive stars may evaporate ice mantles resulting in small particles. Here, it is interesting to mention that Okada et al. (2003) suggest that efficient dust destruction is undergoing in the ionized region on the basis of the [Si II] 35 to [N II] 122 µm ratio. Chini & Kruegel (1983) and Chini & Wargau (1990) have shown that both larger and smaller grains may increase the ratio of total-to-selective extinction.
Distance
The Carina nebula is a very large (angular size > 2
• × 1.5
• ) active star-forming region containing a number of young star clusters featuring very massive O-type stars. Recently many authors have considered that the distance to η Carinae and to the whole Carina region is 2.3 kpc (see, e.g., Smith 2006b; Povich et al. 2011) . There is a large discrepancy in the measured distances to the clusters situated within this nebula, as can be seen from Table 1 . This large scatter in the distance occurs because, as noted by Smith & Brooks (2008) , the direction of the Galactic plane in the Carina nebula nearly looks down the tangent point of the Sagittarius-Carina spiral arm. The two clusters Tr 14 and Tr 16, located towards the center of the Carina nebula, have been extensively studied by several authors, but the debate about their distance is still open. Vazquez et al. (1996) estimated a distance modulus of V 0 − M V = 12.5 ± 0.2 mag for Tr 14. By applying an abnormal reddening law, Tapia et al. (2003) 
Flux-calibrated spectra of the O-A-F-G type stars in our spectroscopic sample of the CrW region. The spectra have been randomly shifted vertically for clarity. The spectral types become progressively later from left to right and from top to bottom. = 12.1 mag. In their study, they adopted A V = 1.39E(V − J) and found that both clusters are situated at the same distance. But in another study, Carraro et al. (2004) concluded that both clusters are situated at different distances with V 0 − M V = 12.3 ± 0.2 mag for Tr 14 and 13.0 ± 0.3 mag for Tr 16. Recently, Hur et al. (2012) concluded that Tr 14 and Tr 16 are at the same distance within the observational errors (V 0 − M V = 12.3 ± 0.2 mag, i.e., d = 2.9 ± 0.3 kpc). Their derived distance is based upon the proper motion, which is comparatively more accurate than other methods. Since we are concentrating on the western side of the Carina nebula containing some part of Tr 14, for the present study, we have adopted a distance of 2.9 kpc for CrW as given by Hur et al. (2012) .
Results
Spectroscopically identified sources
The MK spectral types of 15 X-ray emitting sources in the CrW region were established using the newly acquired spectra (see Sect. 2.3) and their comparison with the digital spectral classification atlas compiled by R.O. Gray and available on the web 7 . The results are summarized in Table 2 , from which we may infer that the majority of identified sources are late-type stars (see Fig. 5 for different spectral types), and none of these stars features an Hα emission.
Three X-ray sources (i.e. #6, #9, and #20; in Table 2 ) belong to spectral type O, of which #6 and #9 are correlated with HD 92607 and HD 92644, respectively. Houk & Cowley (1975) spectral types of O8.5 III for #6 and O9.7 V for #9. These results broadly confirm previous classifications of these sources (see also Claeskens et al. 2011 ). The X-ray properties of both stars are discussed in detail by Claeskens et al. (2011, see their discussion and notes on individual objects). They find that the observed X-ray count rate for #9 is 3.8 times lower than #6, but both are quite soft. Star #20 is identified as a reddened O7 star with observed V = 13.03 and (B − V) = 1.83 mag (cf. Table 2 ). The remaining 12 sources have counterparts that are classified as late-type stars: three are of spectral type A, three are F stars, and six are classified as G-type stars. Stars #11, #19, and #37 are identified as A5 V, A1 III, and A1 V, respectively. Similarly #3, #10, and #23 belong to F5 V, F8 V, and F3 V spectral types, respectively. Claeskens et al. (2011) in their study found that source #18 is among the brightest X-ray sources in this field; however, they could not identify any optical counterpart for this object from the GSC2.2 catalog. Based on IR colors, they computed the V band magnitude of this object to be in between 20.2 − 21.5. Later on by visual inspection of Digital Sky Survey images, they found a star having brightness 18 − 19 at the exact source location. We also found a star with magnitude 18.214 ± 0.012 (cf. Table 2 , column 4) at a similar position. Binarity could explain why this star is brighter in the optical than expected from its near-IR magnitudes (Claeskens et al. 2011 ). It could reside in front of the Carina, but it could also be intrinsically brighter than a main-sequence (MS) star. Sources #7, #12, #15, #32, #40, and #42 are characterized as G6 III, G9 V, G8 III, G3 V-III, G8 V, and G9 III spectral type, respectively. Based on the observed X-ray counts, Claeskens et al. (2011) claim that #42 is a variable star. It is also worthwhile to mention that two sources (#7 and #15) are identified as PMS sources (see Table 2 ) in the present study (cf. Sect. 4.2.3).
YSOs identification
The PMS stars (YSOs) are mainly grouped into the classes 0-I-II-III, which represent in-falling protostars, evolved protostars, classical T-Tauri stars (CTTSs), and weak line T Tauri stars (WTTSs), respectively (cf. Feigelson & Montmerle 1999) . Class 0 & I YSOs are so deeply buried inside the molecular clouds that they are not visible at optical wavelengths. The CTTSs feature disks from which the material is accreted, and emission in Hα can be seen as due to this accreting material. These disks can also be probed through their IR excess (compared to normal stellar photospheres). WTTSs, on the contrary, have little or no disk material left, hence have no strong Hα emission and IR excess. It is evident from the recent studies that the X-ray luminosity from WTTSs is significantly higher than for the CTTSs with circumstellar disks or protostars with accreting envelopes (Stassun et al. 2004; Telleschi et al. 2007; Prisinzano et al. 2008) . In this section we report the tentative identification of YSOs on the basis of their Hα emission, IR excess, and X-ray emission.
On the basis of Hα emission
The stars showing emission in Hα might be considered as PMS stars or candidates, and the strength of the Hα line (measured by its equivalent width 'EW(Hα)') is a direct indicator of their evolutionary stage. The conventional distinction between CTTSs and WTTSs is an EW(Hα) > 10Å for the former (see Herbig & Bell 1988) . However, Bertout (1989) has suggested that a limiting value of 5Å might be more appropriate. More recently, investigators have tied the definition to the shape (width) of the Hα line profile (see White & Basri 2003; Jayawardhana et al. 2003) . In the study of NGC 6383, Rauw et al. (2010) find that an Hα equivalent width of 10Å corresponds to an (R − Hα) index of 0.24 ± 0.04 above the MS relation of Sung et al. (1997) . They have further used this as a selection criterion for identifying Hα emitters. In our study, we have considered a source as probable Hα emitter only if the (R − Hα) index is 0.24 above the MS relation by Sung et al. (1997) . The Hα filter at WFI has a special passband, therefore it cannot be directly linked to any existing standard photometric system (see also Rauw et al. 2010) . By selecting ten stars observed with EMMI (see Sect. 2.3), whose spectra do not exhibit Hα emission, we calibrated the zero point by comparing the observed R − Hα and dereddened (V − I) with the (R − Hα) 0 versus the (V − I) 0 relation of emission free MS stars as determined by Sung et al. (1997) for NGC 2264. The (V −I) color is dereddened by E(V − I) value of E(B − V) min × 1.5. In Fig. 6 , we plotted the (R − Hα) 0 vs. (V − I) 0 distribution of all the stars along with the MS given by Sung et al. (1997) .
Since there is large scatter in the distribution (cf. Fig. 6 ; left panel), there may be false identifications of Hα emitters. To minimize this, we introduced another selection criterion to identify the Hα emitters in addition to the previous one. We used the V vs. (R − Hα) 0 color magnitude diagram (CMD) (cf. Fig. 6 ; right panel) and defined an envelope that contains most of the stars following the MS. The stars that have a value of (R − Hα) 0 − σ (R−Hα) greater than that of the envelope of the MS can be assumed to be probable Hα emitters. In our study, we therefore consider that a star is a good Hα emission candidate if it satisfies both conditions. We have identified 41 YSOs in our study as potential Hα emitters, and these can be seen in Fig. 16. 
On the basis of IR excess
Recently Gaczkowski et al. (2013) have obtained Herschel PACS and FIR maps that cover the full area of the CNC and reveal the population of deeply embedded YSOs, most of which are not yet visible at the MIR or NIR wavelengths. They studied the properties of the 642 objects that are independently detected as point-like sources in at least two of the five Herschel bands. For those objects that can be identified with apparently single Spitzer counterparts, they used radiative transfer models to derive information about the basic stellar and circumstellar parameters. They found that about 75% of the Herschel-detected YSOs are Class 0 protostars and that their masses (estimated from the radiative transfer modeling) range from ∼1 M ⊙ to ∼10 M ⊙ . Out of these 642 sources, 105 fall in our studied region.
Using NIR/MIR data of 2MASS and Spitzer, Povich et al. (2011) Townsley et al. 2011) . This field includes the major ionizing clusters and the most active sites of ongoing star formation within the Great Nebula in Carina. YSO candidates were identified via IR excess emission from dusty circumstellar disks and envelopes, using data from the Spitzer Space Telescope (the Vela-Carina survey) and the 2MASS database. They model the 1-24 µm IR spectral energy distributions of the YSOs to constrain their physical properties. Their Pan-Carina YSO Catalog (PCYC) is dominated by intermediate-mass (2 M ⊙ < M ≤ 10 M ⊙ ) objects with disks, including Herbig Ae/Be stars and their less evolved progenitors. Out of these 1439 sources, 136 fall in our studied region.
Recently, Preibisch et al. (2011b) used HAWK-I at the ESO VLT to produce a deep and wide NIR survey that is deep enough to detect the full low-mass stellar population (i.e. down to ∼0.1M ⊙ and for extinctions up to A V ∼15 mag) in all the important parts of the CNC, including the clusters Tr 14, 15, and 16, as well as the South Pillars region. They analyzed CMDs to derive information about the ages and masses of the low-mass stars. Unfortunately, their surveyed region does not cover our studied region. Therefore for the present study we used NIR data from the 2MASS survey to identify sources with IR excess. We used the following scheme to make the distinction between the sources with IR excess and those that are simply reddened by dust along the line of sight (Gutermuth et al. 2005 ). First we measure the line of sight extinction to each source as parameterized by the E H−K color excess due to the dust present along the lines of sight. For objects where we have J photometry in addition to H and K s with the condition that they are positioned above the extension of CTTSs locus and have color [J−H] ≥ 0.6, we used the equations given by Gutermuth et al. (2009) to derive the adopted intrinsic colors. The difference between the intrinsic color and the observed one will give the extinction value. Once we had the extinction value for the stars, we generated an extinction map for the whole CrW region. The extinction values in a sky plane were calculated with a resolution of 5 arcsec by taking the mean of extinction value of stars in a box having a size of 17 arcsec. The resulting extinction map, smoothed to a resolution of 0.6 arcmin, is shown in Fig. 7 . This IR extinction map represents the column density distribution of the molecular cloud associated with the CrW region. We can clearly see the high density region toward the northeast of CrW and then the density following the dust lane as visible in the 4.6 µm image (cf. Sect. 5, see Fig. 16 ). Thanks to less extinction, longer wavelength observations can penetrate deeper inside the nebulosity than do shorter wavelengths. For this reason, there are many stars in the CrW region that do not have J band photometry. Once we constructed the extinction map, we used this to also deredden the stars having no J band detection. Here it is worthwhile to note that we used CTTSs loci to estimate reddening by back-tracing all the stars located above the CTTSs loci or its extension to the CTTSs loci or its extension. It is quite probable that the genuine CTTSs are mixed with deeply embedded MS stars that could fall above the CTTSs locus in the 2MASS colorcolor diagram. Therefore, when we deredden this mixed sample of stars, the reddening value for CTTSs will get overestimated because of their surrounding cocoon of dust/gas, whereas for the MS stars, it will get underestimated because the intrinsic color of MS stars lies below CTTSs loci. In Fig. 8 , we have plotted the dereddened NIR CMDs, K 0 versus (H − K) 0 , for the CrW region and the nearby reference field region having same area as CrW. Since both the field and CrW region CMDs are dereddened by the same technique, the underestimation/overestimation of the A v value will not affect our analysis much. However, owing to the clumpy nature of the molecular cloud associated with the CrW region, the dereddened CMD for CrW will show more scatter than the field CMD. A comparison with the reference field CMD reveals that there might be many stars showing excess emission that is apparent from their distribution at (H − K) 0 0.6 mag. Therefore, we defined an envelope representing a cut-off line (Figs. 8b,c) on the basis of the CMD of the CrW region and of the field one. We then designed an additional envelope (solid line in red) shifted to the red from the preceding one by an amount corresponding to A v = 5 (to compensate for the scattering due to the clumpy nature of molecular clouds). Doing that, we aim at isolating probable NIR excess stars from reddened MS stars. Since we know that the photometric error is larger at the fainter end of the CMD, the shape of the cut-off line at the fainter end is adjusted accordingly. All the stars having a color '(H − K) 0 − σ (H−K) 0 ' greater than the red cut-off line might have an excess emission in the K band and thus can reasonably be considered to be probable YSOs (see also Mallick et al. 2012) . While this sample is dominated by YSOs, it may also contain the following types of contaminations: variable stars, dusty asymptotic giant branch (AGB) stars, unresolved planetary nebulae, and background galaxies (Robitaille et al. 2008; Povich et al. 2011) . We used the CMD of the reference field covering the same area as the CrW region to calculate the fraction of contaminating objects in our sample.
The reference field was around 1.5
• westward from the center of the CrW (cf. Fig. 1 ).
The number of probable NIR excess stars in the reference field is about 8 whereas the number of probable NIR excess stars in the CrW region is 60. This means that we have a contamination of about 13% in our sample. The majority of these probable NIR excess stars follow the high density region in the CrW region (see Fig. 16 ) and may be deeply embedded in that nebulosity. Povich et al. (2011) have identified many YSOs that are mainly in the irradiated surface of the cloud (see Fig. 16 ) but recently, based on Herschel FIR data, Gaczkowski et al. (2013) have identified YSOs that are also located within the dark lane of the CrW region.
YSOs such as CTTSs, WTTSs, and Herbig Ae/Be stars tend to occupy different regions on the NIR TCDs. In Fig. 9 , we have plotted the NIR TCD using the 2MASS data for all the sources lying in the observed region. All the 2MASS magnitudes and colors were converted into the California Institute of Technology (CIT) system 8 . All the curves and lines are also in the CIT system. The shown reddening vectors are drawn from the tip (spectral type M4) of the giant branch ("upper reddening line"), from the base (spectral type A0) of the MS branch ("middle reddening line") and from the tip of the intrinsic CTTSs line ("lower reddening line"). The extinction ratios A J /A V = 0.265, A H /A V = 0.155 and A K /A V = 0.090 have been taken from Cohen et al. (1981) . We classified the sources according to three regions in this diagram (cf. Ojha et al. 2004 ). The 'F' sources are located between the upper and middle red- dening lines and are considered to be either field stars (MS stars, giants) or Class III and Class II sources with small NIR-excess. 'T' sources are located between the middle and lower reddening lines. These sources are considered to be mostly CTTSs (or Class II objects) with large NIR-excess. There may be an overlap of Herbig Ae/Be stars in the 'T' region (Hillenbrand et al. 1992) . 'P' sources are those located in the region redward of the lower reddening line and are most likely Class 0/I objects (protostellarlike objects; Ojha et al. (2004) ). It is worthwhile also mentioning that Robitaille et al. (2006) show that there is a significant overlap between protostars and CTTSs. The NIR TCD of the observed region (Fig. 9) indicates that a significant number of sources that have previously been identified as probable NIRexcess stars lie in the 'T' region. Forty-one sources have been designated as CTTSs in our study with the condition that they fall in the 'T' region of the NIR TCD (Fig. 9 ) and are redward of the dashed blue cut-off line in the dereddened CMD (Fig. 8) . We also have plotted probable NIR excess sources that are detected in 'J' band (10 out of 60). Most of these sources are located in the 'P' region in Fig. 9 , which means that they are most likely Class 0/I objects.
On the basis of X-ray emission
The NIR-excess-selected YSO candidate samples are generally considered incomplete because the NIR-excess emission in young stars disappears on timescales of just a few Myr (see Briceño et al. 2007) . At an age of ∼3 Myr, only ∼50% of the young stars still show NIR excesses, and by ∼5 Myr this fraction is reduced to ∼15% (Preibisch et al. 2011c) . Since the expected ages of most young stars in the CNC are several Myr, any IR-excess-selected YSO sample will be highly incomplete. To tackle this problem, we used the X-ray emitting point sources in the region to identify YSO candidates. The X-ray detection methods are sensitive to young stars that have already dispersed their circumstellar disks, thus avoiding the bias introduced when selecting samples only based on IR excess (Preibisch et al. 2011c ).
XMM-Newton observations
The XMM-Newton satellite has observed the CrW region in the course of the study of the massive binary WR 22. The corresponding results have been presented in separate papers (see Gosset et al. 2009; Claeskens et al. 2011) . In this section we cross-correlated the sources detected in our photometric data of the CrW region with the positions of 43 X-ray sources from Claeskens et al. (2011) . The positions of the X-ray sources as given by Claeskens et al. (2011, columns 8 and 9 of their table 2) refer to the astrometric frame as determined from the XMMNewton on-board Attitude and Orbit Control System. The crosscorrelation with the GSC and the present optical catalog suggests making a small correction. We therefore suggest decreasing the right ascension of Claeskens et al. (2011) by 0.
′′ 25 and increasing the declination by 0.
′′ 96. No rotation was detected. We adopt these new positions for the 43 X-ray sources.
We defined an optimal cross-correlation radius to find a compromise between correlations missed due to astrometric errors and spurious associations in the CrW field. To derive the optimal correlation radius, we applied the technique of Jeffries et al. (1997) . In this method, the distribution of the cumulative number of cataloged sources as a function of the cross-correlation radius r c is given by
In this equation N, A, σ, and B represent the total number of cross-correlated X-ray sources (N = 43), the number of true correlations, the uncertainty in the X-ray source position, and the surface density of the catalog of photometric sources, respectively. In the course of fitting the integrated number of correlations with the CrW photometric catalog as a function of the separation (where 43 X-ray sources have an optical source located closer than 8 arcsec), we derived the fitting parameters as A = 33.78, σ = 0.9 arcsec, and B = 2.3 × 10 −2 arcsec −2 (see Fig.  10 ). The optimal correlation radius was chosen to be r c = 2.7 ′′ , which implies that there is no more than one spurious association among the 34 correlations; i.e., the optical counterparts of 79% of the XMM-Newton sources in the CrW field should thus be reliably identified. Claeskens et al. (2011) also cross-correlated these X-ray sources (N = 43), but they searched the optical counterparts using the Guide Star Catalog version 2.2 (GSC2.2). Their fitting parameters are A = 35.4, B = 2 × 10 −3 arcsec −2 , and σ = 1.8 arcsec. The number of true correlations (A) of both studies are very much consistent. The surface density (B) of the catalog of optical sources in the present study is an order of magnitude higher than in Claeskens et al. (2011) , while our σ value is half that of these authors. The results of the crossidentification are listed in Table 2 . When several optical counterparts are present, only the closest one is given. The first column is the ID of the X-ray sources from Claeskens et al. (2011) . Columns 2 and 3 are their respective RA and Dec in degree (from our photometric catalog). In the next columns the V magnitude, colors (V − I), (V − R), (B − V) and (U − B) are reported. Sources with a spectral classification are mentioned in the next-to-last column.
Chandra X-ray observations
Recently, a wide area (1.42 deg 2 ) of the Carina complex has been mapped by the Chandra X-ray Observatory (CCCP, Townsley et al. 2011 ). These images were obtained with the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003) . This CCCP study mainly includes the data from the ACIS-I array, although ACIS-S array CCDs S2 and S3 were also operational during the observations. But most of the sources on S2 and S3 are crowded and dominated by the background in the CCCP data (Townsley et al. 2011) . In this survey, 14369 X-ray sources were detected over the whole CCCP survey region. Out of these, the CrW region contains 1465 sources. Since the onaxis Chandra PSF is 0.5 ′′ and because it degrades at large offaxis angles (see, e.g., Getman et al. 2005; Broos et al. 2010) , we have taken an optimal matching radius of 1 arcsec to determine the optical/NIR counterparts of these X-ray sources. This size of the matching radius is well established in other studies as well (see, e.g., Feigelson et al. 2002; Wang et al. 2007 ). We identified 469 sources that have 2MASS NIR counterparts and fall in the CrW region. 
Classification of X-ray emitters based on NIR TCD
We have identified WTTSs based on their X-ray emission, as well as on their respective position in NIR TCD (Fig. 9) through Chandra and XMM-Newton observations. The sources having Xray emission and lying in the 'F' region above the extension of the intrinsic CTTSs locus, as well as sources having (J−H) ≥ 0.6 mag and lying to the left of the first (leftmost) reddening vector (shown in Fig. 9 ) are assigned as WTTSs/Class III sources (see, e.g., Jose et al. 2008; Pandey et al. 2008; Sharma et al. 2012 ). Here it is worthwhile to mention that some of the X-ray sources classified as WTTSs/Class III sources, lying near the middle reddening vector, could be CTTSs/ Class II sources. Out of 34 (XMM-Newton) and 469 (Chandra) sources, 7 and 119, respectively, were identified as WTTSs, with 4 in common. These are identified in Table 3 (by numbers 4-5 in the last column and filled squares in Fig. 9 ).
Age and mass of YSOs
Using NIR CMD
The CMDs are useful tools for studying the nature of the stellar population within star-forming regions. In Fig. 11 , we plotted the J/(J − H) CMD for all the YSOs identified in the previous sections having NIR counterparts and located in the CrW region. For cross-matching the Hα, X-ray, Spitzer, and Herschel identified YSOs with the 2MASS data, we took a search radius of 1 arcsec. For the FIR Herschel identified YSOs, we did not find any NIR counterpart. We used the relation A J /A V = 0.265, A H /A V = 0.155 (Cohen et al. 1981) , isochrones for age-2 Myr and PMS isochrones for ages 0.1, 1, 2, 5, and 10 Myr Table 2 . Cross-identification of 43 X-ray sources from Claeskens et al. (2011) with CrW optical photometry. Stars brighter than V = 11.3 are from the literature. The YSOs identified in Section 4.2 are also mentioned in the last column. by Marigo et al. (2008) and Siess et al. (2000) , respectively, to plot the CMD assuming a distance of 2.9 kpc and an extinction E(B − V) min = 0.25. In the present analysis, we used R V = 3.7 as discussed in Sect. 3.2. Different classes of probable YSOs are also shown in the figure. Most of the probable T Tauri, Hα emission stars and IR excess stars have an apparent age under 1 Myr. The Spitzer identified YSOs are located mainly in two groups, one shows ages less than 1 Myr, whereas other groups have ages between 1−10 Myr. Smith et al. (2010) also find that the majority of YSOs in Carina have ages of ∼1 Myr.
The mass of the probable YSO candidates can be estimated by comparing their location on the CMD with the evolutionary models of PMS stars. The slanted dashed curve, taken from Siess et al. (2000) , denotes the locus of 1 Myr old PMS stars having masses in the range of 0.1 to 3.5 M ⊙ . To estimate the stellar masses, the J luminosity is recommended rather than that of H or K, because the J band is less affected by the emission from circumstellar material (Bertout et al. 1988) . The majority of the YSOs have masses in the range 3.5 to 0.5 M ⊙ , indicating that these may be T Tauri stars. A few stars with a mass higher than 3.5 M ⊙ may be candidates for Herbig Ae/Be stars. Gaczkowski et al. (2013) state that this region exhibits a low number of very massive stars. However, since the more massive stars form more quickly and tend to be more obscured, and since they may not exhibit the same signatures of youth for as long a time as lower mass stars, a more extensive analysis is required to confirm their presence or absence in this region.
The NIR counterparts of YSOs in a nebular star-forming region are more easy to find than their optical counterparts. Therefore in the NIR CMD we have statistically more YSOs but to derive the exact age/mass of individual YSOs is somewhat difficult since at the lower end of the NIR CMD, the isochrones of different ages and masses nearly coincide with each other. Age and mass of individual YSOs can be derived more accurately using the optical CMDs.
Using optical CMD
In Fig. 12 , the V/(V − I) CMD has been plotted for the optical counterparts of YSOs identified in Sect. 4.2. We have taken the same 1 arcsec matching radius for identifying the optical counterparts of the presumed YSOs. Here also we have not found any optical counterpart of the Herschel identified YSOs. The dashed lines (for different ages 0.1, 0.5, 1, 2, 5 and 10 Myr) show PMS isochrones by Siess et al. (2000) and the post-mainsequence isochrone (continuous line) for 2 Myr by Marigo et al. (2008) . These isochrones are corrected for the CrW distance (2.9 kpc) and minimum reddening (E(B − V) = 0.25 mag, see previous section). It is clear from Fig. 12 that a majority of the sources have ages < 1 Myr with a possible age spread up to 10 Myr. Table 3 . Sample of the optically identified YSOs along with their derived ages and masses. Error bars in magnitude and color represent formal internal (comparative) errors and do not include the color transformation and zero-point uncertainties. 2, 3, 4, 5, 6 (1) The age and mass of the YSOs have been derived using the V/(V − I) CMD. The Siess et al. (2000) isochrones have very coarse resolution (30 points for their whole mass range of 0.1 to 7 M ⊙ ); therefore, for a better estimation of mass, these isochrones were interpolated (2000 points). We used photometric errors along with the error in the distance modulus and reddening to draw an error box around each data point. In this box, we generated 500 random points using Monte Carlo simulations. For each generated point, we calculated the age and mass as derived from the nearest passing isochrone. For this study we used a bin size of 0.1 Myr for the Siess et al. (2000) isochrones. At the end we took the mean and standard deviation as the final derived values.
It is important to note that estimating the ages and masses of the PMS stars by comparing their locations in the CMDs with theoretical isochrones is prone to both random and systematic errors (see Hillenbrand 2005; Hillenbrand et al. 2008; Chauhan et al. 2009 Chauhan et al. , 2011 . The effect of random errors due to photometric errors and reddening estimation in determining the ages and masses has been evaluated by propagating the random errors to their observed measurements by assuming a normal error distribution and using Monte Carlo simulations (cf. Chauhan et al. 2009 ). The systematic errors could be due to the use of different PMS evolutionary models and an error in the distance estimation. Barentsen et al. (2011) mention that the ages may be incorrect by a factor of two owing to systematic errors in the model. The presence of variable extinction in the region will not affect the age estimation significantly because the reddening vector in the V/(V − I) CMD is nearly parallel to the PMS isochrone.
The presence of binaries may also introduce errors into the age determination. Binarity will brighten the star, consequently the CMD will yield a lower age estimate. In the case of an equalmass binary, we expect an error of ∼50% to ∼60% in the PMS age estimation. However, it is difficult to estimate the influence of binaries/variables on the mean age estimation because the fraction of binaries/variables is not known. In the study of TTSs in the Hii region IC 1396, Barentsen et al. (2011) point out that the number of binaries in their sample of TTSs could be very low since close binaries lose their disk significantly faster than single stars (cf. Bouwman et al. 2006) .
We have calculated ages and masses for 241 optically identified individual YSOs classified using different schemes (see Table 3 ). Here we would like to point out that out of six optically identified probable NIR excess stars, five have ages 1 Myr. They may be YSOs that are deeply embedded and are formed by the collapse of the core of a molecular cloud. Estimated ages and masses of the YSOs range from ∼0.1 to 10 Myr and ∼0.3 to 4.8 M ⊙ , respectively. This age range indicates a wide spread in the formation of stars in the region. The histograms of age and mass distribution of YSOs are shown in Fig. 13 .
As stated in Sect. 3.3, several authors have used different distances (2.3 kpc) than ours (2.9 kpc) for the Carina nebula. Therefore, we also examined the above results (ages and masses of YSOs) for the distance of 2.3 kpc. The ages and masses of YSOs are once again derived using the same procedure as described above and the corresponding histograms are overplotted in Fig. 13 . As can be seen in this figure, both derived values are more or less similar within their corresponding errors, although there are slight differences in the number of YSOs that are less than 1 Myr. By looking at this figure, we can safely conclude that the majority of the YSOs are younger than 1 Myr and have a mass lower than 2 M ⊙ . These age and mass are comparable with the lifetime and mass of TTSs.
Initial mass function
The distribution of stellar masses that formed in one starformation event in a given volume of space is called the initial mass function (IMF), and together with the star formation rate, the IMF dictates the evolution and fate of galaxies and star clusters. The effects of environment may be more revealing at the low-mass end of the IMF, since one might imagine that the lower end of the mass spectrum is most strongly affected by external effects. The goals of this study are to identify the PMS populations in order to study the IMF down to the substellar regime.
The mass function (MF) is often expressed by a power law, N(log m) ∝ m Γ and the slope of the MF is given as
where N(log m) represents the number of stars per unit logarithmic mass interval. The IMF in the Galaxy has been estimated empirically. The first such determination by Salpeter (1955) gave Γ = −1.35 for the stars in the mass range 0.4 ≤ M/M ⊙ ≤ 10. However, more recent works (e.g., Miller & Scalo 1979; Scalo 1986; Rana 1991; Kroupa 2002) suggest that the mass distribution deviates from a pure power law. It has been shown (see, e.g., Corbelli et al. 2005; Scalo 1986 Scalo , 1998 Kroupa 2002; Chabrier 2003 ) that, for masses above ∼1M ⊙ , the IMF can generally be approximated by a declining power law with a slope similar to what is found by Salpeter (1955) . However, it is now clear that this power law does not extend to masses much below ∼1M ⊙ . The distribution becomes flatter below 1 M ⊙ and turns off at the lowest stellar masses. It has also often been claimed that some (very) massive star-forming regions have a truncated IMF, i.e., contain much smaller numbers of low-mass stars than expected from the field IMF. However, most of the more recent and sensitive studies of massive star-forming regions (see, e.g., Liu et al. 2009; Espinoza et al. 2009 ) find the numbers of low-mass stars in agreement with the expectation from the "normal" field star IMF. Preibisch et al. (2011c) confirm these results for the Carina Nebula and support the assumption of a universal IMF (at least in our Galaxy). In consequence, this result also supports the notion that OB associations and very massive star clusters are the dominant formation sites of the galactic field star population, as already suggested by Miller & Scalo (1978) .
We have optically identified 241 YSOs (cf. Sect. 4.2) in the region of CrW and then calculated their masses (cf. Sect. 4.3) with the help of optical CMD using the theoretical PMS of Siess et al. (2000) . Here we would like to mention that for our photometry, the completeness limit is 0.5 M ⊙ for a distance of 2.9 kpc. The MF of the CrW region is plotted in Fig. 14 . The slope of the MF 'Γ' in the mass range 0.5 < M/M ⊙ < 4.8 comes out to be −1.13 ± 0.20, which is a bit shallower than the value given by Salpeter (1955) , and there seems to be no break in the slope at M ∼1 M ⊙ , as has been noticed in previous works (Sharma et al. 2007; Pandey et al. 2008; Jose et al. 2008) . On the other hand, Preibisch et al. (2011c) show that, down to a mass limit around 0.5 − 1 M ⊙ , the shape of the IMF in Carina is consistent with that in Orion (and thus the field IMF). Their results directly show that there is clearly no deficit of low-mass stars in the CNC down to ∼1M ⊙ .
K-band luminosity function
The K-band luminosity function (KLF) is the number of stars as a function of K-band magnitude. It is frequently used in studies of young clusters and star-forming regions as a diagnostic tool of the mass function and the star formation history of their stellar populations. The interpretation of KLF has been presented by several authors (see, e.g., Zinnecker et al. 1993; Muench et al. 2000; Lada & Lada 2003, and references therein) .
To obtain the KLF, it is essential to take the incompleteness of the data and the foreground and background source contaminations into account. The completeness of the data is estimated using the ADDSTAR routine of DAOPHOT as de- In the magnitude range 10.5 − 14.25, the best-fit KLF slope (α) for the CrW region (solid line) is 0.31 ± 0.01, whereas for the model (dashed line), after taking extinction into account, it comes out to be 0.36 ± 0.02. scribed in Section 2.2. To consider the foreground/background field star contaminations, we used both the Besançon Galactic model of stellar population synthesis (Robin et al. 2003 ) and the nearby reference field stars. Star counts are predicted using the Besançon model in the direction of the control field. We checked the validity of the simulated model by comparing the model KLF with that of the control field and found that both KLFs match rather well. An advantage to using the model is that we can separate the foreground (d < 2.9 kpc) and background (d > 2.9 kpc) field stars. As mentioned in Section 3.1, the foreground extinction using optical data was found to be A V ∼0.93 mag. The model simulations with A V = 0.93 mag and d < 2.9 kpc gives the foreground contamination.
The background population (d > 2.9 kpc) was simulated with A V = 3.4 mag in the model. We thus determined the fraction of the contaminating stars (foreground + background) over the total model counts. This fraction was used to scale the nearby reference field. The KLF is expressed by the power law
is the number of stars per 0.5 magnitude bin, and α is the slope of the power law. Figures 15a and b show the KLF for the reference field and CrW region, respectively. The α for the reference field and simulated model is 0.34±0.01 and 0.34±0.02, respectively. Similarly α for the CrW region is 0.31 ± 0.01, whereas for the model, after taking the extinction into account, it comes out to be 0.36 ± 0.02. Povich et al. (2011) using Spitzer MIR data identified 1439 YSOs (Pan Carina YSO Catalog) in the field surveyed by the CCCP. The spatial distribution of these YSOs throughout the Carina Nebula shows a highly complex structure with clustering at several positions. The majority of YSOs identified by them are located inside the Hii cavities near, but less frequently within, the boundaries of dense molecular clouds and the ends of the pillars. They also found that the high concentration of the intermediate mass YSOs is in Tr 14 itself. They have concluded that the recent star formation history in the Carina Nebula has been driven or at least regulated by feedback from the massive stars. Recently, Gaczkowski et al. (2013) identified 642 YSOs in the Carina Complex with the help of FIR Herschel data. These YSOs are also found to be highly heterogeneously distributed in the region, and they do not follow the distribution of cloud mass. Gaczkowski et al. (2013) show that the Herschel selected YSO candidates are located near the irradiated surfaces of clouds (see Fig. 16 ) and pillars, whereas the Spitzer selected 'YSO' candidates (Povich et al. 2011 ) often surround these pillars. This characteristic spatial distribution of the young stellar populations in different evolutionary stages has been related by Gaczkowski et al. (2013) to the idea that the advancing ionization fronts compress the clouds and lead to cloud collapse and star formation in these clouds, just ahead of the ionization fronts. They further state that some fraction of the cloud mass is transformed into stars (and these are the YSOs detected by Herschel), while another fraction of the cloud material is dispersed by the process of photo-evaporation. As time proceeds, the pillars shrink, and a population of slightly older YSOs is left behind and revealed after the passage of the ionization front. Their results provide additional evidence that the formation of these YSOs was indeed triggered by the advancing ionization fronts of the massive stars as suggested by the theoretical models (see Gritschneder et al. 2010) . Roccatagliata et al. (2013) with the help of the wide-field Herschel SPIRE and PACS maps, determined the temperatures, surface densities, and the local strength of the far-UV irradiation for all the cloud structures over the entire spatial extent of the CNC. They find that the density and temperature structure of the clouds in most parts of the CNC are dominated by the strong feedback from the numerous massive stars, rather than by random turbulence. They also conclude that the CNC is forming stars in a particularly efficient way, which is a consequence of triggered star formation by radiative cloud compression due to numerous high mass stars.
Discussion: star formation scenario in the CrW region
In the center of Carina, there are the young clusters, Trumpler 14, 15, and 16 , that host about 80% of the high mass stars of the entire complex (Roccatagliata et al. 2013) . This is also the hottest region of the nebula with temperatures ranging between 30 and 50 K, whereas the molecular cloud at the western side of Tr 14 has a temperature of about 30 K and a decrease in density from the inner to the edge part (Roccatagliata et al. 2013) . Our studied region CrW contains this cloud, which can be seen in our infrared extinction map (see Fig. 7 ). In Fig. 16 , different classes of YSOs identified in our study are overlaid on the WISE 4.6 µm (MIR) image. We can easily see the extension of the dust lane in the figure from northeast to southwest of the CrW region. The northeast region contains the outer most part of the cluster Tr 14 along with the high density region of the molecular cloud (see Fig. 7 ). Smith & Brooks (2008) show the spatial relationship of Tr 14, the ionized gas, the PDR emission, the molecular gas, and the dust lane. The brightest molecular emission is concentrated towards the dark western dust lane offset from the center of Tr 14 by 4 arcmin. The radio continuum for emission source "Car I" can also be seen here at the interface of the dust lane and the bright Hii region. Between this source and the molecular cloud, a widespread PDR emission can also be seen in the form of an arc like PAH emission feature at 3.3 µm (Rathborne et al. 2002) . At a projected distance of ∼2 pc, the UV output of Tr 14 dominates the other Carina Nebula clusters such as Tr 16 in determining the local flux at the PDR in the northern cloud (Brooks et al. 2003; Smith 2006a; Smith & Brooks 2008 ). This spatial sequence of Tr 14, radio source, PAH emission, and then strong molecular emission delineates a classical edge-on PDR (Brooks et al. 2003) . The edge of this region contains many Spitzer-identified YSOs. The alignment of the YSOs in this region may be due to the star formation triggered by high mass stars of Tr 14.
The Herschel-identified YSOs ) are located mainly in the high density region of the molecular clumps and in small groupings at several places along the dust lane. Gaczkowski et al. (2013) have derived an age of ∼0.1 Myr for their sample of YSOs. The probable NIR excess stars identified in this study also follow this region. For some of them, we derived ages 1 Myr. These sets of identified YSOs are basically very young in nature and are embedded in the cores of the molecular cloud. We could not say anything about the northwest region of CrW, which is not well covered by previous surveys. In this study we have identified 467 YSOs falling in the CrW region. The overall density of this region then turns out to be ∼1700 sources/deg 2 which is higher than three times the YSOs density given by Smith et al. (2010) . Here it is worthwhile to mention that the PCYC used in previous studies has a sensitivity problem at the ionization front between Tr 14 and the Car I molecular cloud core to the west (Yonekura et al. 2005; Ascenso et al. 2007 ) where the diffuse MIR nebular emission is bright (Povich et al. 2011) .
The complex observational patterns (e.g., filaments, bubbles, and irregular clumps, etc.) in a molecular cloud such as Carina nebula are resulting from the interplay of fragmentation processes. The star formation usually takes place inside the dense cores of the molecular clouds, and the YSOs often follow clumpy structures of their parent molecular clouds (see, e.g., Gomez et al. 1993; Lada et al. 1996; Motte et al. 1998; Allen et al. 2002; Gutermuth et al. 2005; Teixeira et al. 2006; Winston et al. 2007; Gutermuth et al. 2008) . Recently, fragmentations in gas with turbulence (e.g., Ballesteros-Paredes et al. 2007 ) and magnetic fields (e.g., Ward-Thompson et al. 2007) have been discussed, leading to detailed predictions of the distributions of fragment spacings. The spatial distribution of YSOs in a region can be analyzed in terms of a typical spacing between them in order to compare this spacing to the Jeans fragmentation scale for a self-gravitating medium with thermal pressure (Gomez et al. 1993) . Some recent observations of starforming regions have been analyzed in terms of the distribution of nearest neighbor (NN) distances (see Gutermuth et al. 2005; Teixeira et al. 2006 ) and find a strong peak in their histogram of NN spacings for the protostars in young embedded clusters. This peak indicated a significant degree of Jeans fragmentation, since this most frequent spacing agreed with an estimate of the Jeans length for the dense gas within which the YSOs are embedded. These results also suggest that the tendency for a narrow range of spacings among YSOs in a cluster can last into the Class II phase of YSO evolution.
Recently, Gutermuth et al. (2009) have done a complete characterization of the spectrum of source spacings using the minimal spanning tree (MST) of source positions. The MST is defined as the network of lines, or branches, that connect a set of points together such that the total length of the branches is minimized and there are no closed loops (see, e.g., Cartwright & Whitworth 2004; Gutermuth et al. 2009, and references therein) . Gutermuth et al. (2009) demonstrate that the MST method yields a more complete characterization than NN method. Therefore, for the present study, we used the same MST algorithm to analyze the spatial distribution of YSOs in the CrW region.
In Fig. 17b , we plotted the histogram of MST branch lengths for the YSOs in the CrW region. From this plot, it is clear that they have a peak at small spacings and that they also have a relatively long tail of large spacings. Peaked distance distributions typically suggest a significant subregion (or subregions) of relatively uniform, elevated surface density. By adopting an MST length threshold, we can isolate those sources that are closer together than this threshold, yielding populations of sources that make up a local surface density enhancement. To get this threshold distance, in Fig. 17a , we plotted the cumulative distribution function (CDF) for the branch length of YSOs. The curve shows three different slopes: first a steep-sloped segment at short spacings then a transition segment that approximates the curved character of the intermediate-length spacings, and finally a shallowsloped segment at long spacings. For the present study, we have chosen the peak in the histogram (∼30 arcsec ∼0.42 pc), which corresponds to the first steep-sloped segment, as a threshold or critical length.
In Fig 18, the results from MST analysis are overplotted on the RGB image of the CrW region. This image was created using red, green, and blue colors for the WISE 22 µm, Hα, and V band images, respectively. Circles and MST connections in black deal with the objects that are more closely spaced than the critical length (0.42 pc).
A close inspection of Fig. 18 reveals that the CrW region exhibits heterogeneous structures, and there are several close concentrations of YSOs distributed along the molecular clumps. Prominent YSO clustering can be seen in the northeastern part of this figure and are possibly part of the star cluster Tr 14. There are also ten cores (having MST branch lengths less than the critical distance) distributed along the molecular cloud (indicated in Fig.18) . A close view of the cores C and E can be seen in the lower left and right panels in Fig 18. The details about these cores have been given in Table 4 . The majority of the members of all these cores are the YSOs identified in the Herschel survey having very young ages. Our result agrees with the conclusions of Gutermuth et al. (2009) and Günther et al. (2012) , indicating that the young protostars are found in a region having marginally higher surface densities than the more evolved PMS stars. The average of median branch length and core radius is found to be 0.28 pc and 0.43 pc, respectively (see Table 4 ).
To check the role of WR 22 in the formation of stars in this region, we tried to look at the spatial distribution of YSOs ( Fig. 19 ) with optical counterparts (whose age has been derived using the V/(V − I) CMD, cf. Sect. 4.3.2) in the CrW region. The general observation is that within the detection limit of optical observations, the YSOs show mixed populations of different ages throughout the CrW region. The extreme northeastern region contains a group of YSOs that are under the direct influence of the high-mass stars of Tr 14, and it also shows a mixed population. For most of the YSOs in the dust lane, we have not found their optical counterparts. This age distribution around CrW does not show any trend even in the presence of a very massive star such as WR 22. It seems that WR 22 has not influenced these YSOs much. Smith et al. (2010) presented Spitzer observations of a part of the CrW region studied here. These authors reached similar conclusions, suggesting that this very massive star may be projected in the foreground or background compared to the surrounding molecular gas, or it could have only recently arrived at its present location.
Summary and conclusions
Although the center of the Carina nebula has been studied extensively, the outer region has been neglected due to the absence of wide field optical surveys. In this study, we investigated a wide field (32 ′ × 31 ′ ) located in the west of the Carina nebula and centered on the massive binary WR 22. To our knowledge, this is the first detailed study of this region. We used deep optical (U BVRI) and Hα photometric data obtained with the WFI instrument at the ESO/MPG 2.2 m telescope (La Silla). Our V band photometry is complete up to ∼21.5 mag. Low-resolution spectroscopy along with Chandra, XMM-Newton, and 2MASS archival data sets, was also used in this analysis. We generated various combinations of optical and NIR TCD, CMDs and calculated several parameters such as reddening, reddening law, etc. We also identified the YSOs located in the region and studied their spatial distribution using the MST method. Ages and masses of the 241 YSOs having optical counterparts, were derived based on V/(V − I) CMD. These YSOs have been further used to constrain the IMF of the region. The main scientific results from our study are as follows -The region shows a large amount of differential reddening with minimum and maximum E(B−V) values of 0.25 and 1.1 mag., respectively. This region shows an unusual reddening law with a total-to-selective extinction ratio R V = 3.7 ± 0.1. -The MK spectral types for a subsample of 15 X-ray emitting sources in the CrW region are established that indicates that the majority of them are late spectral type stars. There are three sources belonging to each O, A, and F spectral types; however, six sources are of spectral type G. -We cross-correlated the 43 XMM-Newton X-ray sources from Claeskens et al. (2011) with our optical photometry and found that 34 of them are well matched. Out of these 34 sources, 7 have been identified as YSOs. We also crossidentified the Chandra X-ray sources (1465 in our region) with our source list and found 469 objects with optical/NIR counterparts. In total, 119 X-ray sources are identified as YSOs, four of them in common with XMM-Newton. -We collected a sample of 467 YSOs identified in the CrW region based on their IR-excess, Hα and X-ray emission. In some cases, the same YSOs were identified in more than one scheme. Out of these, there are 41 Hα emitters, 105 Herschel identified YSOs, 136 Spitzer identified YSOs, and 225 2MASS identified YSOs in our list. The YSO density for the CrW region turns out to be ∼1700 sources/degree 2 , which is higher when compared to the reported values (500 sources/degree 2 , Smith et al. 2010 ).
-We calculated the age and mass of 241 individual optically identified YSOs. Estimated ages and masses of the YSOs range from ∼0.1 to 10 Myr and ∼0.3 to 4.8 M ⊙ , respectively. This age range indicates a wide spread in the formation of stars in the region. The majority of these YSOs are younger than 1 Myr, and their mass is below 2 M ⊙ . -We derived the IMF and calculated the slope 'Γ' in the CrW region. In the mass range 0.5 < M/M ⊙ < 4.8, it comes out as −1.13 ± 0.20 which is a bit shallower than the value of −1.35 given by Salpeter (1955) , and there seems to be no break in the slope at M ∼1M ⊙ . The slope of the K-band luminosity function is found to be α = 0.31 ± 0.01. and the molecular cloud contains many Spitzer identified YSOs whose formation was probably triggered by the highmass stars of Tr 14. The high-density region of molecular clumps contains many probable NIR excess stars, as well as Herschel-identified YSOs that are very young in age ( 1 Myr). -We used the well-established MST method to identify local density enhancements in the YSO distributions. The northeastern part of the studied region presents a more prominent YSO clustering. However, there are at least ten cores of four or more very young YSO members distributed all over the CrW region and having different core radii. The average core radii and median branch length values for these cores are found to be 0.43 pc and 0.28 pc, respectively. The YSOs having optical counterparts in CrW are uniformly distributed having mixed population of different ages. The age distribution around CrW does not show any trend in the presence of the very massive star WR 22. It seems that WR 22 is a foreground/background star which has not influenced the formation of YSOs in the CrW region.
